Abstract: A compact silicon photonic grating coupler enabling fiber-to-chip light coupling at a minimized footprint is proposed. The proposed coupler, which is partially overlaid at the tapered region, downsizes the effective length of the spot-size converter to 60 μm while reducing the lateral height and width adiabatically to 220 nm and 320 nm, respectively. The incorporation of such a coupler in a photonic integrated circuit requires a total physical length and width of 75 μm and 14 μm, respectively, to enable effective interfacing with single mode fiber. The coupling efficiency and bandwidth of the structure at the light wavelength of 1550 nm are quantified as 68% and 67 nm, respectively, which outperform most recent demonstrations.
Introduction
In recent years, silicon (Si) waveguide based nanophotonic devices have drawn a lot of attention to provide a highly integrated opto-electronic platform that commonly exploits silicon-on-insulator (SOI) technologies [1] . SOI, with its inherent high refractive index (RI) contrast between Si and silica (SiO 2 ) layers, enables these devices with dimensions as small as a few hundred nanometers (nm), although the state-of-the-art of fiber technologies are well within the micrometer (μm) ranges [2] . Such dimensional mismatch between fiber and Si waveguide devices causes an extremely high modal loss at their interface, for which an effective coupling mechanism is essential [3] .
Among various proposed coupling approaches, grating couplers (GCs), which mostly perform out of the plane coupling between fiber and waveguide devices, are found to be quite attractive as GCs exhibit superior compatibility with complementary metal-oxide semiconductor (CMOS)-based microelectronic manufacturing processes. GCs also offer the flexibility to couple in and out the light anywhere on the chip, opening the way for wafer-scale testing and performance validation [4] , [5] . A typical GC structure along with its tapered spot size converter (SSC) is shown in Fig. 1 . The width of the GC structure is tapered down adiabatically to a nanoscale dimension to enable effective coupling with Si waveguide devices. This tapered SSC, which often causes excessive attenuation of light for inadequate lengths, requires a very large footprint in the photonic integrated circuit (PIC) to achieve the desired modal conversion [6] - [8] . To combat this challenge, several techniques, including common focal point cylindrical GC [9] , [10] , GC in micrometric SOI [11] , and slanted grating structure [12] were proposed. Although some of these approaches have the potential to offer appreciably smaller footprints, it often happens either at the cost of compromised coupling efficiency (CE) or coupling bandwidth (CBW), or at increased manufacturing complexities. In this letter, we propose an alternative technique to design compact GC by introducing a dual-taper partially overlay SSC structure. The proposed structure downsizes the effective length of the SSC to 60 μm, while adiabatically reducing the lateral height and width to 220 and 320 nm respectively by maintaining reasonable values for CE and CBW.
Parameters Extraction for the Grating Structure
The proposed structure is designed and simulated in 2-D Finite Difference Time Domain (FDTD) solver by using commercially available LumericalTM FDTD Solutions. The geometry of the proposed grating coupler is depicted in Fig. 2 . It consists of a 2 μm buried SiO 2 layer (BOX) with 220 nm Si on top to construct the grating and the SSC under discussion. These thicknesses are chosen in such a way that the structure supports single mode propagation of light only [8] , [15] .
The BOX is also incorporated with a 100 nm Aluminium (Al) reflector to recapture the light from the downward radiation [13] . The placement of the Al layer is found to be optimum at 1.5 μm from the top Si to cause constructive interference between the guided and the reflected waves. The gratings are grooved on the top Si, as shown in Fig. 2 , the parameters of which are calculated from the following equation: where grating period; λ wavelength of the light to be coupled; n eff effective RI that light experiences in the gratings; n top RI of the top air cladding; θ in angle of incidence of light from fiber to the normal of the grating surface. Wavelength of the design was set to 1550 nm to cover the high-speed single mode optical communication bands. The out of the plane positioning angle of the fiber was chosen to be −120 ( = θ in ) to ensure minimized second order reflections. n eff of the structure was calculated to be 2.31 by using fully vectorial mode solver, and n top for air was considered as 1. All these specifications have resulted a grating period of = 700 nm, as indicated in Fig. 2 . Grating depth (d) and width (w) were also optimized for maximum efficiency and found to be 90 nm and 400 nm respectively, leaving a Si layer of 130 nm below the grooved gratings. The GC structure under consideration was composed of 21 gratings with a uniform period of 700 nm, making the total length (L g ) of the gratings to be approx. 15 μm. A transverse electric (TE), Gaussian shaped, polarized optical source with a mode-field diameter (MFD) of 10 μm was applied to the surface of the gratings to mimic the out of the plane coupling with singlemode fiber (SMF). A grating width (w g ) of 14 μm was also chosen to ensure sufficient surface area. The CE of GC structure at this point (without SSC) was seen to be 77%.
The GC structure was then tapered down to 320 nm by designing a dual-taper partially overlay adiabatic SSC structure, as shown in Fig. 2 . The top taper, which is connected directly to the grated waveguide, reduces the width of the GC structure to 120 nm with a taper length of 30 μm. The bottom taper, with an equal width of grated waveguide at the beginning, reduces the width of the taper to 220 nm at a taper length of 45 nm. The placement of the bottom taper below the top taper was found optimum from half of the length of the top taper, resulting in a total SSC length of 60 μm.
Results and Discussions
The transmission of light from the top taper to the bottom taper can be explained by the fact that the guided light in the top taper is intensified mid-axially along the length. This intensified light, which is highly delocalized and loosely confined at the taper tip, enroutes to the bottom taper due to the presence of high RI contrasts between top taper's loosely confined and bottom taper's highly confined modes. This difference in mode confining characteristics (modal mismatch) also causes a mutually dependent relationship between the tip-width of the top taper and the length of the bottom layer, as indicated in Figs. 3 and 4. Fig. 3 quantifies the mismatches between the modes of the tapers with respect to various tip-widths of the top taper. The distributions of light within the modes are also shown in the insets of Fig. 3 for tip-widths of 40, 120, and 180 nm. The lowest mismatch of 0.26 dB was seen to be caused at a tip-width of 120 nm. The relationships between the tip-widths of the top taper and the lengths of the bottom taper, along with their effects on the overall CE, are shown in Fig. 4 . As expected, the highest CE (68%) and the shortest length of the bottom taper (30+15 μm) both happen at the top taper tip-width of 120 nm. The length of the top taper and the position of the bottom taper were also varied for optimum parameters by keeping the width of top taper-tip and the length of the bottom taper fixed at 120 nm and 45 μm respectively, the relationship of which with CE are shown in Fig. 5 . It shows that the maximum CE occur at the top taper length of 30 μm with initial position of the bottom taper at the half-length of the top taper, as indicated in the inset of the figure. The E-field distribution and the power level of the proposed GC (with SSC) are shown in Fig. 6 from which effective CE can be found to be 68%.
Therefore, the proposed dual-taper partially overlay structure downsizes the width of the GC from 14 μm to 320 nm with an effective SSC length of 60 μm, causing a reduction of CE by (77%-68%) or 9% only. To quantify the improvements, the proposed GC structure was compared with GCs having singletaper SSC in both direct and inverse setting, the results and the structures of which are shown in Figs. 7(a)-(f) . It shows that the GC with direct SSC exhibits a CE of 60% (see Fig. 7(a)-(c) ) at a taper length of 800 μm, whereas the GC with inverse SSC exhibits a CE of 70% (see Fig. 7(d)-(f) ) at a taper length of 1570 μm. In both cases, lengths of SSC need to be very high to achieve such a CE, causing a very large footprint at the chip.
The comparison was further extended by replacing the 800 μm direct SSC with a 60 μm singletaper SSC, equal to the size achieved by the proposed dual-taper overlay structure, keeping other design parameters unchanged, as shown in Fig. 8 . It shows that, with such a small SSC length, only 40% CE could be achieved. Fig. 9 shows an estimation of CBW of the proposed GC structure with and without the dual-taper partially overlay SSC under discussion. It shows that CBW does not change much with the inclusion of the proposed taper, although CE is reduced by 9%, as indicated earlier. Fig. 10 shows the coupling efficiency for number of tapers with shorter lengths. The coupler best performs for 2-taper overlay structure. Increasing the number of tapers for shorter length drops the coupling efficiency significantly. This is due to fact that there exist modal conversion losses at every point of top taper tip mode and bottom taper mode. The CE for 4-taper structure is around 20% less than that of 2-taper structure at the wavelength of 1550 nm, as shown in Fig. 10 .
The comparison of the results of the proposed dual-taper design with recently reported compact grating coupler is depicted in Table 1 . Although the focusing curved grating structures offers small footprint, their CEs are not much impressive. The proposed grating coupler with dual-taper partially overlay structure shows reasonably high CE with compact footprint in PICs.
Conclusion
A compact grating coupler with dual-taper partially overlay SSC is proposed. The overall dimension of structure is reduced to 75 μm (length) × 14 μm (width) that confirms a significant reduction in the footprint of the GC in a PIC. The proposed structure exhibits a coupling efficiency of 68% (−1.67 dB) with 1-dB and 3-dB coupling bandwidth of 41 nm and 67 nm, respectively. The coupling efficiency can be further improved by reducing back reflection and implementing apodized gratings to achieve higher mode matching between fiber mode and waveguide mode.
